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ABSTRACT 
Some of the older cities across North America and Europe had been using steam 
driven HVAC systems since beginning of the last century. Consolidated Edison (Con Ed.) 
of New York operates the New York City steam system, the largest commercial district 
heating system in the world, with more than 100 miles of transmission and distribution 
pipes serving Manhattan Island. Other steam district systems exist in San Francisco, 
Harrisburg, Minneapolis, Pittsburgh, San Diego, and Detroit, some dating back to 1903. In 
those cities the sewer pipes are used as venues for discharging the waste steam condensate 
from the HVAC system. 
The city of New York is considering the rehabilitation of the Time Square, 
including the near-by sewer pipes which pass beneath the subway station and/or along the 
concrete wall. Rehabilitation of these sewer pipes requires trenchless technique, 
installation of CIPP liners. Therefore, in the event of a malfunction of the aging steam 
system and failed steam trap, the sewer pipes lined with CIPP liners might be subjected to 
direct steam injection and the temperature may soar as high as 212° F. The presence of 
steam and the associated elevated temperature inside the lined pipe could result in an 
environment, incompatible with standard CIPP lining products. 
The main objective achieved within the first phase of the research was to 
experimentally determine the thermal effects on the aging of resin used in CIPP liner. 
Therefore, the resins expected to perform well under prolonged exposure to elevated 
iii 
iv 
temperature (up to 212° F) were identified first. Total 1890 specimens (ASTM D638 and 
ASTM D790) were prepared using epoxy, vinyl ester and polyester resin which were 
subjected to cyclic thermal loading (maximum 540 cycles intermittently changing 
between 90° F and 212° F). Next the specimens were tested to obtain the modulus of 
elasticity value and stress-strain curve; thus to indentify the best resin to serve at elevated 
cyclic temperature. Raman spectroscopy, a technique used for studying the chemical 
composition and chemical bonds of materials, was also used to provide more fundamental 
understanding of the degradation of the resin materials at the molecular level. It was found 
that vinyl ester and epoxy resin performs better at elevated temperature application than 
polyester resin, although polyester resin is used in more than 90 percent of the CIPP 
projects as it is economical. 
Another objective completed at the second phase was to evaluate the stresses 
generated due to the thermal strain on the full scale specimens. At this phase CIPP liners 
were impregnated using the best two resin types performed at elevated cyclic temperature 
in the phase one and full scale specimens were prepared by lining steel host pipe. The full 
scale specimens were kept inside custom built oven and cyclic thermal load was applied. 
Stresses generated on the specimen due to thermal loading were observed by analyzing 
strain gage data. It was found that stresses developed in the liner s impregnated with vinyl 
ester resin were significantly lower in comparison to the liners impregnated with the 
epoxy resin. 
V 
In the third phase, numerical simulation of the effect of high temperature on a 
CIPP liner was performed and parametric study was carried out to compare and validate 
the results obtained in the second phase. 
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1.1 General Introduction 
The City of New York operates 6,375 miles of storm, sanitary and combined 
sewers, ranging from 6" to 90" in diameter. Over 65% of the current system was built 
prior to 1940, and suffers from varying degrees of deterioration. The city is currently 
considering the reconstruction of Times Square, a world famous tourist site in downtown 
Manhattan. The project limits are 7th Avenue 42nd Street to 48th Street, and Broadway 42nd 
Street to 49t Street. As part of the proposed construction program, selected sewer pipes 
within the project limits were identified as candidates for rehabilitation or replacement. 
Seven of these sewer segments are known to be subjected to intermittent steam 
condensation discharge. These pipe sections vary from circular 12" pipes to 5'-7" x 3'-6" 
egg-shaped pipes. In most cases, these pipe segments are placed beneath subway 
platforms or tracks, or are attached to the tunnel wall (Figure 1). The locations and 
characteristics of these segments are summarized in Table 1. Thus, replacement of these 
pipe-segments using the cut-and-cover construction method is not a viable option. 




Sybway Tracks S'-rx^-rSewtf 
Platform 
Figure 1: An Egg-shaped Sewer Located Underneath the Subway Platform at 7th 
Avenue Roadway (modified after Dino Ng, 2008) 
34 
Table 1: Segments of Sewer Affected by Steam Discharge within Project Limits 






















































Located beneath the 
base of a subway rail 
bed. 
Located under subway 
a platform. 
Located under subway 
a platform. 
Sewer is attached to a 
tunnel wall. 
Located under subway 
rail at 30'-0" depth. 
Manhattan is the largest steam system district in the US, with its roots going back 
to the New York Steam Company, which opened for business in 1892. Con Edison 
purchased the NY Steam Company in 1936, and presently operates 104 miles of main and 
services, which serve 1811 customers. In FY 2004, sales were 26 billion pounds of steam 
and revenues were estimated at US $531 M. The steam is generated at the B.N.Y.C.P. 
power plant and distributed via a network of transmission and distribution mains. The 
transmission mains range between 24" and 30" in diameter and operate at 400 PSIG and 
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475° F (total of 12 miles). The distribution mains range between 6" and 30" in diameter 
and operate at 200 PSIG and 413° F (total length 80 miles). The remainder of the system 
consists of service lines. 
A schematic diagram of the steam distribution system is given in Figure 2. The 
distribution system delivers the steam to hundreds of buildings between Battery Park and 
96 Street powering air-conditioning compressors or passing through a series of pressure 
reducing valves, allowing it to be used directly in heating systems. The steam 
condensation is then discharged into the sewer system. At the outlet of the steam trap, the 
temperature of the condensate is at a minimum of 212° F. The discharge temperature 
could be higher if backpressure develops in the drainpipes. Under normal operation 
conditions, the condensate spends considerable time in a cooling chamber and gets down 
to 150° F before it is discharged into the sewer. Malfunctioning of the steam trap could 
result in condensate discharged into the sewer system at temperatures as high as 212° F. 
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Figure 2: Schematic Diagram of Manhattan's Steam Distribution System (modified 
after Dino Ng, 2008) 
1.2 Interaction between Sewer Pipe and CIPP Liner 
The depth of the flow in gravity sewers changes due to daily fluctuations in water 
use. As shown in Figure 3, around 7:00 AM sewer flow is considerably higher compared 
with 3:00 AM. The head space and hydraulic perimeter inside the sewer changes with the 
depth of the flow. When a high temperature steam condensate enters the sewer, it releases 
latent heat, causing an uneven temperature distribution at the surface of the liner (i.e., 
much higher temperature above the water level than beneath it). If the temperature of the 
waste water stream and the host pipe wall is significantly lower than that of the steam 
condensate, strains (both circumferential and longitudinal) induced by the steep 
temperature gradient might develop across the liner The magnitude of these strains will 
fluctuate with the volume of the head space and the temperature difference between the 
steam and that of the waste water stream. 
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fV""|Zones of high temperature gradient 
Figure 3: Change in Depth of Flow Due to Daily Fluctuations and Locations of 
Temperature Gradients 
Current design practices assume little or no bonding between the host pipe and the 
CIPP liner. Thus, the liner might experience localized relative movements due to changes 
in thermal energy, as shown in Figure 4. This relative movement may take place in either 
the longitudinal or the circumferential directions, or simultaneously in both directions. 
The impact of these thermally induced strains could be amplified by geometrical 
imperfections such as folds, annular gaps, interior bulges and sags, causing the formation 
of localized high stress zones. 
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Figure 4: Relative Movement in CIPP Liner Due to Changes in Thermal Energy 
1.3 Objectives 
The main objective of this research was to identify resin-liner combinations that 
are expected to perform well under prolonged exposure to elevated temperature (up to 
212° F). In addition to this quite broad goal, a number of lesser goals were identified 
which are listed below: 
• Estimate the magnitude of the resulting thermally induced strains in the 
case of the Times Square project. 
• Determine if any modifications to current design procedures are needed. 
• Evaluate the resulting stresses from thermally induced in-plane shear 
strains and to examine ways in which these strains could be accounted for 
by current design procedures. 
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1.4 Scope of Work 
The research described herein investigates the effect of elevated temperature on 
CIPP liner over a prolonged period of time. Inspired by a research project funded by the 
City of New York, Department of Design and Construction (Infrastructure Division) and 
Consolidated Edison, Inc., it was quickly determined that the resin was playing the key 
role to withstand elevated temperature. Therefore, the research was mainly divided into 
three phases, namely: 
• Phase - I: Material characterization and bench scale testing of resin-felt 
candidate systems. The bench scale testing program was developed and 
performed for one year on different resins to determine the type of resin 
suitable for elevated temperature application. 
• Phase - II: Full scale testing of lined host pipes under cyclic temperature 
loading. The full scale testing was performed on lined specimens for more 
than 1080 temperature cycles (three cycles per day) and thermally induced 
strains and corresponding stresses were measured. 
• Phase - III: Next a third phase was added where it was planned to perform 
3-D numerical simulation of liner-pipe interaction systems with and 





This dissertation presents the interim's findings of a State of Technology 
assessment through industry survey and experimental testing of the suitability of purpose-
developed cure-in-place pipe (CIPP) resin-felt systems for the relining of sewer pipes in 
the Manhattan area, which must tolerate elevated temperatures due to discharge of steam 
condensate. The study was undertaken with the recognition that most commercially 
available resins used in CIPP lining systems are not intended to perform at temperatures 
as high as 212° F. Furthermore, the current design methods and practices do not account 
for stress conditions that could be induced due to combined hydrostatic pressure and 
cyclic thermal loads. A literature review revealed that little information is available in the 
public domain regarding the installation of CIPP rehabilitation systems in pipes subjected 
to elevated temperatures. Nevertheless, there are several resins products that claim to be 
suitable for such applications. 
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2.2 Background History 
In 2007, a 24-in. steam pipe that was laid in 1924 exploded in Midtown near 
Grand Central Terminal. Investigator found that apparently cold water got into the steam 
pipe, producing a change in pressure which caused the blast. In August 19, 1989, people 
had to evacuate from their homes in Manhattan due to a steam pipe blast. Several related 
accidents occurred in NY in a small time span reported by Ms. Lauire Goodstein in the 
Washington Post, and published in the Star Tribune November 24, 1989 are listed in 
Table 2. 








In Midtown Manhattan a water pipe burst. 
In upper west side steam pipe exploded. 
Steam pipe exploded six blocks from the united nations 
office. 
30-ft section 6X Avenue collapsed due to a broken water 
main. 
8th Avenue Subway station was closed due to a burst water 
main. 
Although only a handful of steam pipes have exploded in the past decade, the 
threat remains because the 105 miles of steam mains and service pipes that pump steam 
beneath the streets of Manhattan are near other utilities, including gas and electrical 
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equipment. Therefore, problems with one system can often affect the others. Aftermath of 
a steam pipe blast is shown in Figure 5. 
Figure 5: Steam Pipe Blast in the City of NY (modified after The New York Times, 
2007) 
Rehabilitation of these old pipes is difficult but not impossible, and again closing 
traffic for several weeks will incur enormous financial loss for a city like New York. So, 
little to no digging trenchless method is preferable to the traditional "dig and replace" 
methods. 
2.3 Effect of Thermal Strain 
Recently, a paper was published notifying the thermal aspects of designing a CIPP 
liner during and after the installation (McKim et al., 2010). ASTM F1216 assumes some 
structural support from the host pipe by including the "A!" (Enhancement Factor) and does 
not consider any mechanical or chemical bonding between the liner and the host-pipe. But 
there is a contradiction that the thermal strain experienced by the liner as it cools off from 
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the installation temperatures depends on the host pipe and when the host pipe fails to 
restrain the liner's thermal strain, the liner can fail under tension. 
2.4 Pipe Rehabilitation Methods 
Trenchless technology refers to family of methods and equipment used for the 
installation of new or replacement or rehabilitation of existing underground infrastructure 
with minimal disruption to surface traffic and other surface activities. Cured-in-place pipe 
(CIPP) technology consists of protecting/sealing/reinforcing the inner wall of the host pipe 
with a thermosetting composite liner that is cured in place. It is a system in which a thin 
flexible tube of polymer or glass fiber fabric is impregnated with resin and forced to 
harden the material. Once inserted into the pipe, the tube is expanded with hot air or hot 
water to make it assume the shape of the inner wall of the pipe and cured under elevated 
temperature (Wood E. 1977, and Bruzzone et al., 1987). 
2.5 Components of CIPP 
The basic components of CIPP include a flexible fabric tube and a thermosetting 
resin system. The fabric tube is made up of woven or non-woven material, mainly felt, 
glass fiber composite cloth, and impermeable plastic. The tube should be strong enough to 
withstand installation stresses. Impermeable plastic coatings are used on the interior or the 
exterior of the tube to protect the resin during installation. The major function of the tube 
is to carry and support the resin until it is placed within the existing pipe and cured. 
Primary resin systems used include polyester (filled and unfilled), vinyl ester and epoxy. 
Polyester resins have high water resistance and are the most economic among the three. 
Styrene is added to reduce the viscosity of polyester resins. Styrene also helps in the 
curing of the resins by cross-linking of the molecular chains of polyester. The major 
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application of polyester resins is in the municipal sewage system. Vinyl ester and epoxy 
resins are tougher and more resilient than polyester resins. They are used for industrial and 
pressure pipeline applications where their enhanced corrosion and solvent resistance 
properties are required. The epoxy resins are the most costly of these three resin types and 
are used in drinking water pipelines (Robert et al., 1995). 
2.6 CIPP Method 
The existing pipe is first inspected to assess the extent of damage to the pipe. It is 
then cleaned of roots, sediments, and debris and the flow is bypassed. A flexible tube 
impregnated with thermosetting resin is then inserted into the pipe through an entry point. 
The installation is done by winching mechanically or by inverting it under air or water 
pressure. In the inversion process, the tube is cuffed back and clamped to an inversion ring 
at the entry point. It is then fed into the pipe through the ring with the tube being turned 
inside out. Water or air pressure is then applied to turn the tube inside out and to push it 
inside the pipe. The pressure keeps the tube expanded against the pipe wall as it inverts 
along the installation length. In the winching technique, the tube is pulled through the pipe 
length. An inflation bladder is then inverted through the tube to expand it against the wall 
of the host pipe. 
After the tube is inserted and expanded, heated water or steam is circulated 
through the pipe to initiate the curing of the resin. After the curing cycle is complete, the 
CIPP is cooled. The ends of the cured pipe are then trimmed. At the service connections 
and laterals, dimples are created owing to the pressure. In big pipelines where personnel 
entry is possible, a cutting device is used to reopen the connections. In small pipelines, 
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robots and closed-circuit television (CCTV) cameras are used to locate the dimples and 
reopen the connections (Robert et al., 1995). 
2.7 Vendors of High Temperature CIPP Liner Components 
An extensive literature review was undertaken to identify commercially available 
CIPP products that are expected to perform well in elevated temperature environments. 
Chemical resistance of CIPP liners depends on the type of resin used. Unsaturated 
polyester resins provide good chemical resistance to municipal sewerage; however, vinyl 
ester resins and epoxy resins provide further increased chemical resistance where special 
corrosion and higher temperature performance is needed. 
2.7.1 Reichhold Chemicals, Inc. 
The Composites Division manufactures two resins that can be used at elevated 
temperatures. 
2.7.1.1 DION 382-20 
This is polyester-based (bisphenol-A fumarate) resin. This is a highly corrosion-
resistant resin with over 30 years history of good performance at high temperatures. It has 
been converted for use in CIPP liners and the customers include Novel Pipe, Inliner, etc. 
2.7.1.2 DION 9800-20 
Formerly known as ATLAC® 580-20, this vinyl ester resin has been specifically 
designed for CIPP applications requiring the high degree of chemical and temperature 
resistance. This vinyl ester is urethane modified. Urethane-modification creates a tough, 
resilient polymer that combines outstanding corrosion-resistance and high-temperature 
performance with excellent laminating characteristics. The resin wet-outs really well and 
has good wetting characteristics with carbon and ARAMID fibers, as well as conventional 
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glass fibers. The resin can be thickened using regular (not hydrophobic) grades of fumed 
silica, and will not foam when used with standard MEKP initiators. Until a few years ago, 
Insituform was the main customer, but now, this resin is mostly sold to several smaller 
customers such as Improved Technologies in Knoxville, TN. 
The mechanical properties of the DION 9820-20 and DION 382-20 resins have not 
been tested at elevated temperature for the application of CIPP liners but have been tested 
in laminates and listed in Table 3 and Table 4. 






















































































2.7.2 Neopoxy International, Inc. 
The company manufactures high heat resistant epoxy named NPR-1571. This 
epoxy resin is designed for medium and large diameter CIPP structural liners having an 
operating temperature of over 300° F. For application in smaller diameters and/or 
different operating temperatures, NPR-1571 can be further modified to meet specific 
needs. NPR-1571 is a slow curing resin, with initial cure at ambient temperature and post 
cure at 70° F (higher better) in duration on several hours (e.g. 2-3 hrs) to provide improved 
heat resistance and chemical resistance. One known case history involves the lining of a 
pipe 18" in diameter and 110-ft long conveying chemicals at elevated temperatures at the 
Shell Deer Park Refinery, approximately 20 miles east of downtown Houston, TX. The 
contact person was Mr. Ron Soots, BEI Engineering, 3741, Red Bluff Road, Ste 200, 
Pasadena, TX. 77503. Tel.: (713) 246-7314. 
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2.7.3 Noveon, Inc. 
Noveon, Inc., an integral part of the Lubrizol Corporation, offers Estane® 
thermoplastic polyurethanes (TPUs). Estane TPU is a coating used in felt that is 
impregnated with a resin and is built for toughness and durability and provides a 
combination of heat, chemical and abrasion resistance. High melting point (-145° C / 
293° F) allows the use of hot water and steam across a wide range of pipe thicknesses and 
can be used in combination with a wide range of thermosetting resin matrix systems. 
2.7.4 Belzona, Inc. 
Belzona, Inc. manufactures several ceramic coatings; however, they are too 
viscous to be poured and are not suitable as resins for CIPP application. This can only be 
applied with a brush or spray. 
2.7.5 AOC LLC 
AOC is a leading global supplier of resins, gel coats, colorants, additives, and 
synergistic systems for composites and cast polymers. They are the North American 
leader in resins for corrosion resistant applications and produces Vipel F085 resin in ISO 
9001:2000-certified facilities that use proprietary process control technology for ensuring 
batch-to-batch consistency. Vipel® resins have excellent process ability and high levels of 
consistency. It has high organic solvent resistance with improved high temperature 
properties. Pipelines totaling 5,044 ft. in length with diameters ranging from 15 to 48 in. 
were rehabilitated in the city of Columbus, Ohio using Vipel F085 products. The city of 
Pittsburgh, Pennsylvania rehabilitated 1,372 ft of 54 in. diameter pipe. The Orange 
County, Florida used Vipel F085 to rehabilitate 18.9 miles of pipes with diameters of up 
to 72 in. 
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A list of potentially suitable resins for high temperature CIPP applications is given 
in Table 5. 









A vinyl ester resin suitable for highly corrosive and elevated 
temperature applications. 
A vinyl ester resin for sewer applications. 
Vinyl ester resin specifically designed for CIPP applications that 
require higher degree of chemical and temperature resistance. 
A polyester resin featuring polymer composition that prevents 
degradation in corrosive environments. 
A modified cycloaliphatic hardener featuring high strength and 
high heat distortion temperature (HDT) post cure. 
F085 series is an epoxy novolac vinyl ester resin dissolved in 
styrene. 
50 
2.8 Related Work and Theories 
2.8.1 Introduction 
Linings are used for the rehabilitation of sewers to restore hydraulic integrity and 
extend the structural life duration. Lining takes the shape of the existing sewer. Therefore, 
the shape can be oval (Figure 6), horse-shoe or circular. Cured in place linings closely 
match the inside shapes of the sewers. The lining system is designed to act as a flexible 
pipe within the old deteriorated rigid host, with the soil providing the necessary support to 
maintain stability (WRc/WAA 1994). No bond is required between the liner and host pipe. 
From the mechanical standpoint, lining can be affected by deformations of the host 
structure or by internal or external hydrostatic pressures when the pipe is below 
groundwater table. Deformations of buried structures are generally small, and the resulting 
stresses produced in the liner are almost negligible. Conversely, external pressure due to 
groundwater can cause lining failure by geometric instability or material breakdown. 
Therefore, a lining must be designed to resist the action of external hydrostatic pressure 
and this is the only loading case having any major probability of occurring (Trenchless 
Technology Research Colloquium, 2000). Thus, failure may take place in the form of 
buckling due to excessive compressive forces. Therefore, a properly designed sewer must 
comply with the deflection limit and buckling criteria. The stress-limit criterion is defined 
so that the maximum buckling stress developed under hydrostatic pressure must not 
exceed the allowable bending stress of the lining material. 
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Figure 6: Close-fit Lining in an Oval Shaped Sewer 
For deflection-limit criteria, a maximum allowable deflection in the liner should 
not exceed 3% of the width of the liner (Oliver, 2001). With buckling criteria, the lining 
must be designed such that failure is not triggered by buckling due to large hoop 
compression. There are many design methods for circular linings and an equal number of 
published experimental data (Oliver, 2004, Falter, 1996, and Boot et al., 1996). 
Conversely, there is far less information, both in terms of theoretical and experimental 
results, for non-circular linings (especially egg-shaped and oval-shaped linings). 
Currently, only the WRc recommendations (WRc/WAA 1994) offer a design method for 
non-circular linings (see Figure 7), but the calculation model is linear and does not allow 
for the risk of buckling under hydrostatic pressure. 
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Figure 7: Horse-shoe Type Sewer (after WRc) 
2.8.2 Behavior of Close-fit Lining Subjected to External Pressure 
The load cases on the sewer pipes are hydrostatic pressure and earth and traffic 
loads. Sustained hydrostatic pressure is due to groundwater acting in the annular space 
between the liner and the host pipe. Since gravity sewers in need of renovation invariably 
leak, this load case applies regardless of the host pipe's condition or whether the aim of 
the rehabilitation is primarily structural or simply to provide a barrier against internal 
corrosion or ex-filtration. Even where the permanent groundwater table is below the 
pipe's invert level, the liner must generally be designed to resist a short-term hydrostatic 
head which could arise under storm conditions. 
The second load case assumes that earth and traffic loads will, in due course, be 
transferred from the existing pipe-soil structure to the liner. The likelihood of this 
occurring is assumed to be a function of the condition of the sewer at the time of lining. In 
the great majority of practical situations, however, little or no such load transfer ever takes 
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place because the existing equilibrium, of even quite badly deteriorated sewer structures, 
is effectively and permanently secured by the lining process. So far this fact is recognized 
explicitly only in the UK design procedure (WRc/WAA, 1994), and with few exceptions 
the treatment of the soil load transfer case in other design methods is over-conservative 
(Gumbel, 1997). 
Because linings restore hydraulic integrity and because the bond between the liner 
and the host cannot be relied on in the long-term, it is necessary to consider the effects of 
external water pressure acting on the lining. Groundwater may percolate through the 
cracks and act at the interface between the lining and the host. External pressure applied to 
an egg-shaped lining cause formation of a gap at the section of maximum radius. The 
similar phenomena take place at the location of the straight section for an oval-shaped 
lining (Figure 8). Pressure in the gap pushes the liner against the host structure and a 
blister forms over the gap (Seraj et al., 1999). When the pressure builds up, two possible 
behaviors of the blister might take place depending on the curvature of the section where 
the gap forms. If the curvature is sufficient, the blister remains localized (i.e., contained by 
the curvature) and the blister angle decreases (Figure 8), but a critical buckling pressure 
develops. If the curvature is too small, for instance in the case of an oval- or an egg-shape 
with straight sides (Figure 9), the blister extends continuously over the entire liner (the 
blister angle increases) and a critical buckling pressure does not develop. The first 
behavior is termed "critical" while the second is termed "sub-critical". Deflections of the 
liner subjected to sub-critical conditions under external pressure are larger than the liners 
subjected to critical conditions. Critical linings are more likely to buckle under external 
pressure, but deflections (before buckling) are relatively small. 
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Figure 8: Critical Condition - Deformation Lob is Localized 
Figure 9: Sub-critical Condition - Lob Extends Over Entire Height of the Liner 
2.8.3 Mechanisms of Restrained Hydrostatic Buckling 
Figure 10 illustrates the steps leading to buckling failure of an encased circular 
liner pipe subject to external hydrostatic pressure, as observed in numerous laboratory 
experiments in the US and UK (e.g. Guice et al., 1994; Boot et al., 1996, and Boot, 1997). 
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Figure 10: Steps in Nonlinear Hydrostatic Buckling of Circular Pipe 
If the unloaded liner is a tight fit to the host pipe, it can initially deform only by 
uniform hoop compression (Step 1). The resulting slack in the system allows the liner to 
lift away from the host pipe in either an asymmetric (one-lobe) or symmetric (two-lobe) 
mode (Step 2). As pressure further increases, the inward deformation of the lifted lobe or 
lobes is accompanied by a shortening of lobe length and an increased in the ring 
compressive strain. Eventual snap-through (Step 3) is in essence a form of geometric 
instability, in which the buckling pressure is associated with the critical lobe length at 
failure. The critical lobe length increases as a result of the initial annular gap, and both 
elastic and creep compressive strains contribute to further reduction in liner perimeter 
under pressure. This controlling influence of hoop compressive strains is what 
distinguishes the buckling mode as essentially non-linear. 
The pre-buckling deformations leading to instability are not generally noticeable to 
the naked eye, and regardless of whether one or two lobes develop, snap-through can only 
occur at a single point because the associated release of strain energy instantly stabilizes 
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any other incipient points of failure. The resulting manifestation of post-buckling 
deformation (Step 4) as apparently single lobe should not therefore be confused with the 
buckling mode itself. 
The non-linear theory was originally developed by Glock in 1977, assuming a 
single lobe mode associated with initially perfect circular geometry. However, as soon as 
some initial gap is introduced, the liner pipe will tend to deform elliptically while taking 
up the slack as if unrestrained (Figure 11a), following the symmetrical two-lobe mode up 
to failure. For nominally close-fitting liners, this tendency has been confirmed in the great 
majority of cases where pre-buckling deformation measurements have been made. A 
contradiction was expected for a relatively loose-fitting liner tested horizontally and 
pressurized by water would tend to float and create an asymmetrical initial gap favoring 
the one-lobe mode (Moore, 1998). In the additional presence of even the modest initial 
ovality (Figure lib), for example the typical 2% tolerance on diameter associated with 
manufacture of new concrete and vitrified clay pipes, the liner will be even more strongly 
predisposed to follow a symmetrical deformation mode. Two-lobe deformation has been 
observed in nearly all appropriately monitored buckling experiments in horizontally 
aligned, ovalized casings to date (Seeman et al., 2001). In view of their important 
influence on the qualitative as well as quantitative buckling response of restrained liner 
pipe, any design theory must take explicit account of geometrical imperfections. 
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P c r - K.C.{Pcr)0 
a) Close-fitting liner in circular pipe: 
C = I 
R'= b- (l-
0-q) 
b) Liner in pipe with elliptical ovality q: 
C = (R/R1)3 
Figure 11: Liner Deformations Implicit in Current ASTM Design Formula w/ 
Enhancement Factor K and Ovality Factor C 
2.9 The Basic Formulas 
According to the derivation source design, formulas can be divided into two 
categories 
Derivation based on Timoshenko's formula: 
3EI 
Per
 R i (1) 




Ovality imperfection is considered during calculation of the critical stress, and is 
viewed as the elliptical deformation of a rigid pipe with longitudinal cracks. The 
estimation of oval imperfection is fairly variable. Certain authors like to measure ovality 
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directly on the photograph of the pipe. The estimation of ovality varies from 3% to 9%. 
Ovality was defined by Moore (Moore et al., 1996) as follows: 
Du-D ?(%) = 100-* v-. (3) Dh+Dv V> 
The annular gap is assumed to be uniform and characterized by its amplitude. As 
for ovality, a percentage of the radius of the diameter is typically used. One practice is to 
divide the amplitude by the average radius of the liner or the host pipe: 
g(%) = 100-^f-. (4) 
K 
Others, such as Hall (Hall D.E. et al, 2001), use the diameter of the host pipe: 
g(%) = 1 0 0 - ^ . (5) 
Longitudinal intrusion is characterized by its angular extension and its maximum 
amplitude. 
2.9.2 ASTM F1216 
The following formula, derived based on Timoshenko (Timoshenko et al., 1961), 
is the most frequently used. The critical buckling pressure is multiplied by a casing factor 
K equal to 7.0 for liners: 
^ 2KEL 1 C 
= P=t, . jWonn a 77 (6) N (l-v2)(SDR-l)N 
-i3 
c =
 T^v • (7) 
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In ASTM 1216, the equation includes a safety factor and directly yields the 
admissible pressures as a function of SDR, or the inverse. Its validity depends mostly on 
the value of Abused. 
2.9.3 Formula of Hall (TTC, LA Tech, USA) 
Hall uses a one-lobe Glock formula with variable coefficients corrected for three 
imperfections: 
_ aEL 1 1 
P
~ (\-v2)(SDR-\)mlJ' (8) 
The definitions of N, EL, SDR, and v are already mentioned. The three 
imperfections are annular gap (x), ovality (y), and local intrusion (z). The coefficients take 
the following forms: 
a = b1(k x, y, zk 
m = c,jk x, y, zk . 
These are polynomials with three variables whose 27 coefficients have been 
adjusted based on results of FE calculations. For, x=y=z=0, the value of m = 2.25 and a = 
1.06, effectively resulting in Glock solution for the one-lobe mode. 
2.9.4 Formula of Boot (University of Bradford, UK) 
Boot uses a two-lobe Glock formula with variable coefficients corrected for two 
imperfections: 
r D \ Pr (D\ logio ~zr =m-l°gl0 — + 1og.o c \E j 
(9) 
\t J 
Here, m and c depend on ovality and the annular gap and are obtained by 
interpolating the results from FE analysis or by directly solving the Glock equation. 
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2.9.5 Formula of ATV-M 127-2 (Germany) 
The ATV-M 127-2 formula written below is a one-lobe Glock formula with 
reduction factors corrected for three imperfections: 
Per ~ KvKGR,vKsaDSL 
f \ 






2.9.6 Formula of Moore (Queen's University, Canada) 
The following equation given by Moore (Moore, 1998) used a one-lobe Glock 









2.9.7 Formula of Thepot (RERAU National Project, France) 
Thepot also used a Glock formula of one-lobe or two-lobe type with reduction 
factors corrected for two imperfections. The formula is mentioned below: 
P-cr ~ 1 p,h p,g ' Pk
 n 3 RJ 
(14) 
where, 
Pk = 2.62k° 
R 
There also exists a global reduction factor which combines the two imperfections. 
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2.9.8 Conclusion 
Existing design formulas for calculating the buckling pressure of a CIPP liner can 
be classified as derivatives of either Timshenko's or dock 's equations. In Timoshenko's 
equation, the influence of the different imperfections, with the exception of ovality, is 
taken into consideration via a single, constant enhancement factor (K) which was 
determined experimentally. In the case of Clock's equation, imperfections are treated 
individually using reduction factors or variable coefficients. Therefore, precise definitions 
of imperfections are of limited importance for Timoshenko's derived formulas where the 
safety factor is concentrated in a global coefficient, but they are very important for 
dock 's derived formulas where the safety factor is distributed over a group of 
coefficients. 
2.10 Effect of External Hydrostatic Pressure 
Different authors deal with the effect of external hydrostatic pressure in different 
ways. It is obvious that local stresses due to hydrostatic pressure loading are very sensitive 
to geometric imperfections. For certain combinations of imperfections, it is possible that 
the limit state of the liner material rupture will be reached before the limit state for the 
stability of liner geometry. 
2.11 Effect of Soil and Traffic Load 
In cases where the host pipe is separated by at least four longitudinal cracks, or if 
its mechanical characteristics are very weak, possible movements of the wall must be 
considered because the pipe becomes a quasi-mechanism in the interaction with soil 
embedment. This particular state is considered "fully deteriorated" in ASTM 1216 or 
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"stage III" in ATV-M 127-2. In this case, the existing host pipe is neglected and stresses 
and displacements are calculated as if the liner were placed directly in the soil. 
2.12 Force and Moment Causing Stresses on a Circular 
Pipe-Liner Section 
A pipe-liner can face stresses caused by forces and moment due to axial tension or 
compression, bending, and uneven settlement of the host pipe. 
2.12.1 Axial Stress 
In the case of a tensile, loading pipe-liner will be elongated in the axial direction 
and the resulting tensile stress will be normal to the cross-section of the pipe-liner and will 
be uniformly distributed. 
2.12.2 Bending Stress 
If the pipe-liner is supported at the ends and load is applied at a point between the 
supports (for simplicity say center), bending, or flexural action, will be occurring. 
Depending upon the load direction and point of applied loading, there will be one 
compressive and one tensile stress components which are typically of the same magnitude 
but in opposite directions. Both of these stresses will be acting perpendicular to the cross-
section of the liner. All these are true as long as the centroid is exactly at the center of the 
pipe. However, a deviation of the centroidal location may lead to some unequal magnitude 
of the compressive and tensile stress. 
In the case of bending, shear stresses may develop along the spring lines of the 
liner. Shear stress in a circular cylinder can be expressed as: 
VQ 
r =
 — • (15) 
lb 
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Here the first moment, Q can be written as: 
Q = flAd,+fdA,{y,-y). (16) 
1=1 / = i 
2.12.3 Stresses Due to Uneven Settlement 
This situation may arise when one of the supports settles. This will result in 
moments on the support, which will lead to forces perpendicular to the neutral axis at the 
support for equilibrium. As the force is acting perpendicular to the neutral axis, it can be 
designated as a shear force and will result in shear stresses. 
2.13 Strain Gage Thermal Output and Gage Factor Variation 
The electrical resistance of strain gage varies not only with strain but also with 
temperature. In addition to that, the gage factor of the strain gage varies with temperature. 
These deviations can cause significant errors when properly not addressed. 
The first correction that needs to be addressed is the correction for thermal output. 
The gage factor setting of the strain indicator coincides with the strain gage used in 
measuring the thermal output. Therefore, the thermal output correction can be made by 
direct subtraction of the thermal output from the indicated strain and is shown in Equation 
(17): 
s1 = Ex-eT/0(T1). (17) 
Next, the correction is made for the gage factor variation with temperature. First, 
the strain measurement was made at an initial gage factor setting, and then correction to 
the gage factor at the test temperature is performed using Equation (18): 
F* 
£l = e\-——. (18) 
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The correction for thermal output and gage factor is obtained combining Equation 
(17) and Equation (18) and written as Equation (19): 
e1 = \ei-eT/0(T1)]-^. (19) 
When the zero balance temperature and the conditions for the gage factor meet, the 
strain obtained from Equation (19) is the actual strain induced by the mechanical and 
thermal stresses. 
2.14 Elastic and Plastic Strain 
When enough loads are applied to a structural material, they cause the material to 
change shape. This change in shape is called deformation, and as this deformation is 
compared to its original length, the strain value is obtained. A temporary shape change 
which is self-reversing after the force is removed is called elastic deformation. When the 
stress is sufficient to deform the material permanently, it is called plastic deformation. The 
summation of elastic and plastic deformation is total deformation. The strains related to 
elastic, plastic and total deformation is named as elastic, plastic, and total strain, 
respectively. The elastic strain can be calculated by subtracting the plastic strain value 
from the total strain. There, it is expected to see more or less constant stress value (strain 
multiplied with modulus of elasticity) after the specimens reach plastic stage. 
2.15 Summary 
Designing a liner is a difficult mechanical problem which combines several non-
linear effects: contact, displacement and material behavior. Liners are thin, deformable 
structures subject to significant creep and in variable contact with a rigid host pipe 
structure. Sometimes the host pipe is broken into segments that interact with the elasto-
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plastic soil material. Furthermore, the geometrical and mechanical characteristics of the 
problems are generally difficult to implement in most designs, with some estimated while 
others are treated as default values. The three imperfections are not always measurable, 
and default values were defined based on experimental results and numerical evaluation. 
It was found from the literature review that none of the design standards included 
the effect of elevated temperature on the liner. 
While obtaining thermal strain data, the correction for thermal output and gage 
factor are required to perform as the strain gage itself is sensitive to temperature and can 
lead to poor quality data. 
CHAPTER 3 
BENCH SCALE TESTING 
3.1 Introduction 
While the felt component in a CIPP liner conforms to the shape of the host pipe 
and serves as a carrier medium for the resin, it is the resin that provides the stiffness to the 
cured CIPP liner. Thus, the experimental program in this research focused on the ability of 
the cured resin to retain its mechanical properties in the presence of cyclic thermal 
loading. The mechanical properties of the resins were tested in accordance with ASTM 
D638, which measures the tensile elastic modulus and ASTM D790, which measures the 
flexural elastic modulus of the resin material. 
ASTM standards require a minimum of five specimens per data point for statistical 
significance. In this research, a significantly greater number of specimens were prepared 
from the available panels and resin materials as no similar research work was conducted 
before. 
3.2 Preparation of Specimens 
Specimens for testing in accordance with ASTM D638 and ASTM D790 were 
prepared following two processes. In one way, specimens of resin Type-A were made by 
cutting 1/8" thick panels of neat (pure) resin using a computer-controlled water-jet cutter 
(see Figure 12 and Figure 13). The use of the water-jet cutter minimized the thermal effect 
at the cutting edges. These panels were supplied by a participating vendor. 
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Figure 12: Water Jet Cutter 
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Figure 13: ASTM D638 Specimens Cut From a Panel Using the Water Jet Cutter 
In the second process, specimens of other resin types were prepared by pouring the 
resin into rubber molds The molds were made from 2" wide and 1/8" thick rubber strips 
that were cut using standard ASTM D638 and ASTM D790 dies Later, the rubber molds 
were glued on a wax paper which was stuck on a Plexiglas, (thus making a Plexiglas-wax-
paper system) and next filled with neat resin, and cured (see Figure 14 and Figure 15) 
68 
Figure 14: Toggle Press (left) and ASTM D638 and D790 Dies (right) 
Figure 15: Sample Prepared by Pouring Resin in Rubber Mold 
All specimens were kept at room temperature (77° F) for 24 hours for initial 
setting. When hardened to a point where dimensional stability was achieved, the 
specimens were removed from the wax paper and placed on aluminum foil for fifteen (15) 
days to achieve full cure (see Figure 16 and Figure 17). 
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Figure 16: ASTM D638 Specimens on Aluminum Foil 
Figure 17: ASTM D790 Specimens on Aluminum Foil 
Following the mentioned procedures, a total of 1,890 specimens were prepared as 
part of Phase I of the research program Of these, 1,680 specimens were subjected to 
thermal cyclic loading and the remaining 210 specimens were used as controls (l e , 
provide baseline strength values at room temperature) Table 6 and Table 7 list the total 
number of specimens prepared for ASTM D638 and ASTM D790 respectively for each 
resin type along with the test duration and number of thermal load cycles 
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* The specimens were kept in room temperature; 
** Limited numbers of panels were available. 
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3.3 Testing Program - ASTM D638 and ASTM D790 
Following the curing stage, the specimens were immersed in an inert heat transfer 
medium (peanut oil), in a manner such that they were isolated from each other as well as 
from the walls of the pan (see Figure 18). Peanut oil was selected as a heat transfer 
medium due to its high boiling temperature (440° F), which eliminates evaporation related 
issues, and the fact that it does not interact with the resins. 
Figure 18: ASTM D638 Specimens Immersed in Heat Transfer Medium 
The cyclic thermal loading was applied by placing the pans in two 7.0 eft 
programmable ovens (see Figure 19), each capable of accommodating eight pans at a 
time, each pan containing 30 specimens. The ovens were programmed to follow a uniform 
temperature cycle, where a 4-hour period at a temperature of 212° F was followed by a 4-
hour period at 90° F, and vice versa Thus, the specimens were thermally treated following 







Figure 19: Programmable Oven 

























































































































































































































After the thermal treatment, the specimens were kept at room temperature for a 
minimum of 24 hrs before being subjected to testing as per ASTM D638 and ASTM 
D790. Tests were conducted using a 2,500 lb capacity universal testing machine 
(ADMET eXperT 2611) equipped with servo-control and pneumatic grips (see Figure 20 
and Figure 21). The testing unit is accurate to ±1% of the peak load. Pneumatic grips were 
used to prevent slippage of the specimens during the uniaxial tensile (ASTM D638) test. 
ASTM D638 and ASTM D790 support conditions are shown in Figure 22 and Figure 23. 
Based on the measured values, the moduli of elasticity (tensile or bending, depending on 
the test conducted) were calculated for each specimen. 
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Figure 20: ADMET eXperT 2611 Universal Testing Machine 
Figure 21: Pneumatic Grip for ASTM D638 Test 
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Figure 22: ASTM D638 Test Setup 
Figure 23: ASTM D790 Test Setup 
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3.4 Results of ASTM D638 and ASTM D790 
3.4.1 ASTM D638 
The measured tensile modulus of elasticity, Ej, was plotted for each resin type as a 
function of the number of thermal loading cycles (each cycle lasted 8 hours: 4 hours at 90° 
F and 4 hours at 212° F). In total, 3,894 thermal loading cycles were implemented, with 
individual specimens subjected to up to 540 thermal loading cycles over a six month 
period. The tensile modulus of elasticity, ET, as a function of the number of thermal 
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Figure 25: Tensile Modulus of Elasticity, ET, Vs. Time Cycles for Resin Type-B 
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Figure 26: Tensile Modulus of Elasticity, ET, Vs. Time Cycles for Resin Type-C 
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Type-D Resin 
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Figure 27: Tensile Modulus of Elasticity, ET, VS. Time Cycles for Resin Type-D 
It can be seen that the tensile modulus of elasticity of Type-A resin is nearly 
unaffected by the repetitive exposure to elevated temperature. The test data for Type-B are 
somewhat scattered, indicating changes in the mechanical characteristics of Type-B resin 
with increased exposure to cyclic thermal loading. The results for Type-C resin show 
overall the tensile elastic modulus (or 'stiffness') of the material to be nearly independent 
of the number of thermal cyclic loads, suggesting that the mechanical characteristic of 
Type-C resin are not altered significantly when exposed to intermittent elevated 
temperature. Type-D resin data suggest that the tensile modulus of elasticity of this resin 
changes dramatically upon exposure to as little as 25 thermal load cycles. When subjected 
to 180 or more thermal load cycles, the neat resin becomes highly brittle. As many as 30 
specimens were tested at each testing mile stone for each resin, giving significant 
statistical credibility to the results presented in Figure 25 and Figure 27. The tensile 
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modulus of elasticity for Type-A appears to be independent of the number of thermal load 
cycles, demonstrating high resistance to thermal loading. Type-D becomes highly brittle, 
resulting in a significant increase in the value of modulus of elasticity. Type-B and Type-
C resins exhibited similar performance; however, the elastic modulus values for Type-C 
appear to fluctuate less over the duration of the test, implying a slightly higher stability 
under cyclic thermal loads. 
A summary of ASTM D638 test data for all four resin materials is given in Table 
10 to Table 13. For each series of tests, arithmetic mean, standard deviation, and percent 
deviation (standard deviation divided by the arithmetic mean) were calculated. 
Consistency in the performance of the resin material under elevated temperature is 
reciprocal to the percent deviation. It can be seen that for resin Type-A, percent deviation 
values are consistently around 4%. On the other hand, percent deviation values computed 
for Type-D are as high as 48%, indicating the unstable behavior of the material. 
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3.4.2 ASTM D790 
The bending modulus of elasticity, EB, as a function of the number of thermal 
loading cycles for the various neat resins is shown from Figure 28 to Figure 31. Summary 
of the test results are presented from Table 14 to Table 17. For each series of test, the 
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Figure 31: Bending Modulus of Elasticity, EB, Vs. Time Cycles for Resin Type-D 
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The results for Type-A were found to be nearly independent of the number of 
cyclic thermal loads, suggesting high stability of the resin when exposed to intermittent 
elevated temperature over a prolong period of time. For both Type-B and Type-C, some 
variability was noticed when the resins were exposed to elevated temperature. As for 
Type-D, the measured values of the bending modulus of elasticity became highly 
inconsistent, with variations of nearly 100% in the measured values of EB within the same 
batch. 
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3.5 Creep Test - ASTM D2990 
Both tensile and flexural creep test was performed on specimen prepared using 
resin Type-A and Type-C. For both resins, ASTM D790 and ASTM D638 samples were 
prepared by cutting the panels using the water jet cutter. For resin Type-A, the panel was 
supplied by the vendor where as for the other resin type the panel was prepared from raw 
resin. There were two apparatus: one for tensile creep and the other for flexure creep. 
Next, the ASTM D790 and ASTM D638 samples were placed inside the testing 
equipment and the temperature inside the equipment was set to 160° F. 
The loading on the ASTM D790 and ASTM D638 samples were such that it does 
not exceed 500 psi, which is less than or around 30% of the bending stress tested under 
normal laboratory temperature (77° F) condition. The time schedule was 1 and 30 sec; 1, 
6, 12, and 30 min; 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 hr. 
Figure 32: ASTM D2990 - Flexure Creep Test 
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Figure 33: ASTM D2990 - Tensile Creep Test 
3.6 Results of Creep Test 
Creep data was collected until 100 hr. Resin Type-C failed while performing the 
flexural creep in around 3 minutes and displayed a maximum deflection of 0.42 in. 
Flexure creep plot of Type-A resin is shown in Figure 34. It was found that primary creep 
value for resin Type-A was around 0.16 in/in. Figure 35 shows the tensile creep plot of 
resin Type-A and Type-C. It was found that tensile creep of resin Type-C was more than 
nine times of that of resin Type-A. 
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Figure 35: ASTM D2990 - Tensile Creep Data 
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3.7 Microscopy and Raman Spectroscopy 
The utilization of microscopic and vibration-based studies is a new arena in the 
evaluation of CIPP liner technology, which is currently being pioneered by the researchers 
at LTU. 
3.7.1 Microscopy 
An inverted-light microscope Nikon EPIPHOT 200 (see Figure 36) was used to 
examine the strains in the neat resin specimens. Prior to the microscopy study, the 
specimens were polished using a mechanical polisher (Figure 37) to ensure a uniform 
surface, as well as to remove any loose particles from the surface of the specimens. 
Figure 36: Nikon EPIPHOT 200 
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Figure 37: Laboratory Polisher 
3.7.2 Raman Spectroscopy 
Raman Spectroscopy is a technique based on inelastic scattering of 
monochromatic light, usually from a laser source. Inelastic scattering refers to change in 
the frequency of photons in the monochromatic light upon interaction with a sample. 
Photons of the laser light are absorbed by the sample and then reemitted. The frequency of 
the reemitted photons is shifted in comparison with the original monochromatic 
frequency, and a phenomenon is known as Raman Effect. This shift provides information 
about vibration, rotational and other low frequency transitions in the molecules, which are 
indicators of degradation and breakdown of the resin at its most fundamental (molecular) 
level. 
Raman spectroscopy was used to assess the material degradation of the four resin 
types tested. Raman spectra can be collected from a very small surface area of the sample, 
so the specimens used were V2" * V2". The specimens were polished using a mechanical 
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polisher, cleaned with distilled water and then subjected to thermal loading inside the 
oven in a humid environment as per the test program listed in Table 18 (see Figure 38). 
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* The specimens were kept in room temperature. 
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Figure 38: Specimens Inside the Oven 
The thermal loading cycles lasted 8 hours each (4 hours at 90° F followed by 4 
hours at 212° F). Next, the specimens were removed from the oven and placed under the 
Raman spectrometer as shown in Figure 39. Spectra from 200 to 2100 cm"1 were collected 
using R-3000 HR Raman spectrometer utilizing a 785 nm diode laser operating at 290 
mW via a fiber optic probe. Integration time was 30 seconds. 
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Figure 39: Raman Spectrometer 
3.8 Results of Microscopy and Raman Spectroscopy 
3.8.1 Results of Microscopy 
Following exposure to 270 thermal load cycles, the samples were removed from 
the neat resin specimens and subjected to a microscopic examination. Virgin and heat-
exposed resin samples were compared (Figure 40 to Figure 43). Strains induced within the 
resin matrix due to the thermal loading were visible in the form of stretch marks and a 
rougher surface. While definite conclusions could not be made due to the relatively small 
number of specimens examined, this was believed to be an effective qualitative approach 
for evaluating physical changes in the neat resin matrix due to the presence of adverse 
environmental loads. 
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Figure 40: Images of Specimens - Before Commencement of Thermal Loading 
Resin Type - A 
Figure 41: Images of Specimens - Following 270 Cycles of Thermal Loading 
Resin Type - A 
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Figure 42: Images of Specimens - Before Commencement of Thermal Loading 
Resin Type - C 
Figure 43: Images of Specimens - Following 270 Cycles of Thermal Loading 
Resin Type - C 
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3.8.2 Results of Raman Spectroscopy 
The measured intensity of the Raman signal in arbitrary units (a.u.) is plotted on 
the y-axis, while the wave length in cm"1 is plotted on the x-axis. The results of Raman 
spectroscopy (see Figure 44 and Figure 45) obtained from the specimens subjected to 
cyclic thermal loading over a period of four months. The last two months results were not 
obtained because unfortunately the specimens got mixed up. 
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Figure 44: Raman Spectra of Type-A Resin 
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Figure 45: Raman Spectra of Type-C Resin 
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Overall, it was found that Type-A exhibited high chemical stability with little to no 
changes in the Raman signature over the testing period. Some degradation of the chemical 
signature of Type-C was observed over the course of the 4-month testing period. The 
chemical signature means that the intensity of Raman bands decreased due to degradation 
of polymer. 
The Raman band peak intensities for Type-C resin which show a decrease under 
the action of cyclic elevated temperature treatment; indicating degradation of the polymer 
material. This phenomenon was found to be more pronounced for resin Type-B (also a 
vinyl ester resin but does not have high temperature application properties) and Type-D 
and therefore, were discontinued after 28-days. 
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3.9 Conclusion 
The percent deviation of the moduli of elasticity (tensile and bending, determined 
in accordance with ASTM D638 and D790, respectively) is shown in Figure 46 and 
Figure 47 for the four resin types tested. It can be seen that the measured values for the 
Type-D resin specimens exhibited significant variations, which would suggest that the 
mechanical performance of this resin type deteriorates rapidly and in an uneven manner 
when the resin is exposed to elevated temperatures changing in an intermittent fashion 
between 90° F and 212° F at a frequency equal to 4 hours. These variations were 
attributed to the instability of the resin material when exposed to elevated temperature, 
leading to brittleness and premature failure. Also, higher brittleness implies higher 
likelihood of the resin cracking under vibration. The development of a network of micro 
cracks within the resin matrix can facilitate migration of water through the liner barrier 
(infiltration/ex-filtration) and ultimately shorten the useful service life of the liner. The 
other three resin types exhibited a relatively narrow band in terms of percent deviation of 
their tensile and bending moduli of elasticity, ranging between 5% and 10%. Thus, it 
might be concluded that the effect of thermal load on the mechanical properties of these 
resins was minimal to moderate. 
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Figure 47: Percent Deviation of Bending Modulus of Elasticity 
The tensile and flexural creep result also revealed that elevated temperature 
accelerated the degradation of the resin which is not designed for high temperature 
application. 
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Raman spectroscopy results in the context of the degradation of a neat organic 
polymer under the action of cyclic thermal loading. However, the fact that a correlation 
exists between the mechanical test results and the Raman spectroscopy test results is a 
positive indication that Raman spectroscopy can provide a useful insight, and potentially 
serves as a quantification method, for capturing the deterioration of resin materials at the 
molecular level under chemical or thermal loadings. The utilization of vibration-based 
testing could provide the engineering community with an additional insight into the 
deterioration mechanisms of thermosetting liners and spray-on coating systems, beyond 
that provided solely by destructive mechanical tests. 
CHAPTER 4 
FULL SCALE TESTING 
4.1 Introduction 
Based on the results of Phase I (Bench Scale Tests), Type-A and Type-C resins 
were chosen for Phase II of the testing plan. Both Type-A and Type-B are vinyl ester 
resins; however, the performance of Type-A was found to be slightly better. Also, Type-B 
and Type-C are provided by the same vendor (Pipe Lining Supply), and having products 
from different vendors for the final testing Phase (AOC LLC and Pipe Lining Supply) was 
preferred. 
4.2 Testing Program 
The objective of Phase II was a long-term experimental testing of full scale 
specimens (under three ranges of cyclic thermal loading) to assess the resistance of the 
CIPP liner material to thermal and buckling failure. The testing program for Phase II is 
summarized in Table 19. 
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Table 19: Test Program for Phase II 
Resin Type 





4 - 2 for each type 
2 - 1 for each type 














4.2.1 Building the Custom Built Ovens 
4.2.1.1 Structure of the oven 
Three ovens (L x W x H = 6 ft 2 in. x 3 ft 4 in. x 4 ft 9 in.) were custom designed 
and built. First, the structural skeleton was designed by the researcher in the TTC, LA 
Tech (Appendix B). Next, based on the given design, the structural frame for each oven 
was built by Sabre Machining in West Monroe, LA (see Figure 48). 
Figure 48: Steel Frame of a Custom Built Oven 
Eighteen (18) gauge thick galvanized sheets were riveted on all inner sides of the 
frame. Fiber glass wool was then placed on the galvanized sheet and between the metal 
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frames. Next, the outer sides were covered with similar size galvanized sheet riveted on 
the steel frame. A 10" * 10" fan was attached at the top corner to ensure proper circulation 
of hot air inside the oven. Three ovens without electrical connections are shown in Figure 
49 and Figure 50. 
Figure 49: Front Side of Custom Built Oven 
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Figure 50: Rear Side of Custom Built Oven 
4.2.1.2 Placing of heating elements inside the oven 
Each oven was equipped with four electrical heating elements placed along the 
opposite diagonals on each side wall (see Figure 51). Fiberglass blankets were glued to 
metal sheets to form heat shields that covered the bare heating elements. This would 
mitigate from developing the localize heat spots on areas of the specimens adjacent to the 
heating elements. As hot air is lighter than the cool air and stays above the cool air, two 
exhaust holes were made on the rear wall of the oven at the other corner along the 
diagonal to circulate and force the hot air flow through the bottom part of the oven (see 
Figure 52). 
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Figure 51: Uncovered Heating Elements inside the Oven 
Figure 52: Covered Heating Element and Exhaust inside the Oven 
4.2.1.3 Electrical circuit of the heating element 
Two thermostats, connected to an electronic timer, and two relays were housed in 
a 12" x 12" PVC made control box (see Figure 53). The detail power circuit diagram is 
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given in Appendix B. The control box was mounted on the outside rear wall of the oven 
and thermostat sensors were placed close to the exhaust at the bottom part on each oven 
The thermostats were used to establish the high and low temperature bounds for the oven. 
One thermostat terminated power to the heating elements when temperature exceeded the 
upper limit, while the second thermostat powered the heating elements when temperature 
in the oven dropped below a pre-set level. To monitor the temperature inside the oven, 
thermocouples were installed at several places inside the oven (see Figure 54). 
Figure 53: Power Supply Box and Two Thermostats on the Rear Wall of the Oven 
I l l 
Figure 54: Thermostat Sensor and Thermocouple inside the Oven 
The ovens were built in a manner that none of the full-scale specimens was 
adjacent to the heating elements along its entire length. Therefore, there was a temperature 
gradient within the pipe. This simulated the steam injection inside the sewer, where the 
liner section nearest to the steam injection lateral experienced higher temperature 
compared with the location further away, resulting in an uneven distribution of 
temperature along the liner. A test run was conducted to evaluate the temperature 
distribution inside the oven and the resulting strain gradient in the CIPP liner. Strain 
rosettes were installed on the crown and invert of each CIPP liner specimen, while 
longitudinal strain gages were installed on the liner's spring lines. The measured 
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Figure 56: Strain Vs. Time 
4.2.2 Preparation of the Full-Scale Specimens 
Eight felt socks, each 6 ft long, 8 in. diameter, 7 mm thick, were impregnated with 
resin (see Figure 57 through Figure 59). Four specimens were impregnated using Type-A 
resin and four specimens were prepared using Type-C resin. The liners containing Type-A 
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resin were wetted out at the Insituform facility in McGregor, TX, while the liners 
containing the Type-C resin were wetted out at the TTC facility in Ruston, Louisiana, 
under the supervision of Mr. James Gaithner from Pipe Lining Supply, Inc., California. 
All liners were inverted in a mold and cured utilizing a "torpedo" inversion chamber 
located at the TTC research facility in Ruston, Louisiana, using hot water. The inversion 
and curing of the CIPP liners were performed in compliance with relevant ASTM 
standards. A pre-liner was used to ensure easy separation of the liner from the mold. 
Figure 57: Liner Wet Out Process at the TTC Research Facility 
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Figure 58: Inversion of the Liner inside a PVC Mold 
Figure 59: The Finished Product - Cured CIPP Liner 
4.2.3 Profile Plot of the Specimens Before Thermal Loading 
A profile plotter (Figure 60) was developed to map any deformation accurately 
inside the liner due to circumferential strains and subsequent buckling. The system was 
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equipped with a 4" long linear variable displacement transducer (LVDT) connected to a 
motor-gear system that travel around the inner circumference of the liner in one minute. 
An HP34970A Data Acquisition system was connected to get the readings of the LVDT. 
Each time the LVDT reads the radial displacement the data is then converted to the 
Cartesian co-ordinate system, and plotted, and thus provided position information 
regarding the location around the pipe at which the data was taken. The starting point is 
always the crown and the LVDT rotates in a clock-wise direction. 
Figure 60: Profile Plotter 
Detail profiling system is shown in Figure 61 and Figure 62. Readings from the 
LVDT were communicated to a laptop computer where they were plotted using a 
graphical software package, as seen in Figure 63. The term 'Engineering-profile' in Figure 
63 refers to a perfectly circular profile, while 'True-profile' refers to actual inner profile of 
the CIPP liner. The research plan called for measuring the inner profile ('True-profile') of 
each specimen at their pre-determined locations - at center and 2" apart from center, prior 
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to and following the thermal cyclic load test, thus monitoring the deformation of the liner 
over time under thermal loadings. 
Figure 61: Profile Plotting of a Full-scale Sample 
r*« 
Figure 62: Profile Plotter Inside a Full-scale Sample 
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Figure 63: A Circumferential Plot Showing Ovality Due to a Stitch and Uneven 
Surface in the CIPP Liner 
4.2.4 Placing of the Full Scale Specimens Inside the Oven 
Each oven was capable of housing minimum four full-scale specimens. Two high 
range specimens, one target range specimen and one control specimen of each resin were 
kept in each individual oven. Provision of manual entrance as and when required was kept 
in each oven. The first category of host-pipes each lined with the liner which was 
impregnated with resin Type-A was marked as 1 and the second set impregnated with 
resin Type-C was marked as 2. There were four full scale samples under each category of 
liner. Strain gauge was attached at the front part (the part close to the door of the oven) 
spring-line location of each liner. Two 90° strain rosettes were also glued on the liner: one 
at the front part invert and the other at the rear part crown location. To minimize the 
thermal effect, each strain gauge and strain rosette was covered by insulation foam as 
shown in Figure 64. 
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Figure 64: Strain Gauge at the Spring-line and Strain Rosette at the Invert 
Two thermocouples - one at the front and one at the rear side of the oven - were 
installed. Careful measurements were taken to mark the strain gauge, strain rosette, and 
thermocouple connections to the data acquisition system and are shown in Appendix C. 
4.2.5 Discussion of Strain Results 
After all the specimens were prepared and placed inside the ovens on June 17, 
2010, the ovens were turned on. For almost eleven months, strain data were collected 
using HP3497A data acquisition system. Correction relating to thermal output and gage 
factor of strain gage glued under elevated temperature environment was performed. 
In total, nearly 5 million data points were collected from all ovens and analyzed 
by the TTC research team. Strain data was collected from five locations in each liner, 
resulting in five graphs per day for each specimen and more than 900 plots were to be 
prepared showing the strain versus corresponding temperature cycle on each liner 
specimen. The ovens are still running and this dissertation work includes processed data 
for up to 341 days (approximately 11.50 months). 
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Figure 65 to Figure 69 display the longitudinal strain and circumferential strain 
cycles at the spring-line, crown and invert of the CIPP liners prepared with Type-A resin 
and Type-C resin, on Day 1 of the long-term test. The temperature range was 110° F to 
260° F. It can be seen that both liners exhibited linear elastic behavior, with the strain 
increasing as the temperature increased. Upon cooling of the specimens, the strain 
returned to its original level, displaying nearly a full recovery. 
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Figure 65: Longitudinal Strain Cycle at the Spring Line due to Temperature 
Change at Day 1 (Temperature Range 110° F-260" F) 
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Figure 66: Longitudinal Strain Cycle at the Crown due to Temperature Change at 
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Figure 67: Circumferential Strain Cycle at the Crown due to Temperature Change 
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Figure 68: Longitudinal Strain Cycle at the Crown due to Temperature Change at 
Day 1 (Temperature Range 110° F-260° F) 
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Figure 69: Circumferential Strain Cycle at the Invert due to Temperature Change 
at Day 1 (Temperature Range 110° F-260" F) 
Figure 70 shows the initial strain on resin Type-C. It was found that the maximum 
strain of around 0.0018 in/in occurred at the spring line in the longitudinal direction. After 
27 days of elevated temperature load, the strain went to plastic. Detailed explanation is 
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shown in Figure 71 which presents the creep curve at each of these five locations over the 
duration of the testing period for Type-C impregnated liner specimens. It can be seen that 
the increase in the resulting strain for a fixed change in temperature followed 
characteristics of creep curve with an initial (primary) creep, a rate (secondary) stage and 
a steep increase resulting in brittleness and ultimately failure over the 341-day test data 
reported herein (-1,000 thermal loading cycles). The measured strain increased by 11 
folds, quickly approaching the mechanical limits of the material. One contributing factor 
to the rapid increase in strain was the development of relatively large plastic strains (i.e., 
permanent deformation) within in the liner material. 
Resultant Strain Vs Time 
Resin. Type-C 
0 20 40 60 80 100 
Time, Days 
Figure 70: Initial Strain on Resin Type-C (Temperature Range 110° F-260" F) 
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Figure 71: Creep Due to Temperature Cycle of 341 days for Resin Type-C 
(Temperature Range 110° F-260" F) 
Figure 72 shows the initial strain on resin Type-A. The maximum strain at around 
20 days was found approximately 0.001 in/in, which was 80% less than that of resin Type-
C. After 20 days of thermal load, resin Type-A reached to plastic region. Figure 73 
presents the net change in the strain at each of these five locations over the duration of the 
testing period for Type-A resin impregnated liner specimens. It can be seen that the 
increase in the resulting strain for a fixed change in temperature exhibited an initial 
increase before leveling off after approximately 35 days (-100 cycles), with little changes 
in the resulting strain for a fixed change in temperature for the remaining measurement 
period. The results suggest that after an initial primary (or transient) creep took place, the 
secondary creep progressed at a very slow rate, indicating high chemical stability of the 
resin in an elevated temperature environment. Also, the residual strain (i.e., permanent 
deformation) in the liner was relatively small even after 1,000 thermal loading cycles. 
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Figure 73: Creep Due to Temperature Cycle of 341 days for Resin Type-A 
(Temperature Range 110° F-260° F) 
125 
Figure 74 through Figure 77 display the stress values for Type-C and Type-A resin 
impregnated liner specimens on Day 1 and Day 341. On Day 1 the stress value was low as 
the liner was inside the elastic region, but after around 27 days the liner became plastic. 
The stress value was calculated by deducting the permanent strain or plastic strain from 
the total strain and then multiplying the experimentally obtained modulus of elasticity 
value. Additional graphs displaying the minimum and maximum stress values on days 53, 
79, 181, and 241 are given in Appendix E. Table 20 and Table 21 summarize the stress 
values recorded in each of the five points of measurement (i.e., longitudinal stress at 
spring line, invert and crown; hoop stress at invert and crown) on days 1, 53, 79, 181, 241, 
and 341, for Type-C and Type-A resin impregnated liner specimens, respectively. 
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Figure 74: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
Resin Type-C (Temperature Range 110° F-260° F) 









Figure 75: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 for 
Resin Type-C (Temperature Range 110° F-260° F) 
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Figure 76: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
Type-A (Temperature Range 110° F-260" F) 
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Figure 77: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 for 
Resin Type-A (Temperature Range 110° F-260° F) 
















































































































4.2.6 Discussion of Profile Plot Results 
A profile plot was performed to investigate the deformation due to thermal 
loading. It was very difficult to remove the full scale specimens from the oven and 
reinstate them. Therefore, profile plot was taken only twice: once before the specimens 
were placed inside the oven and at an intermediate period - Day 79. On average, 
deformation on the liner impregnated with Type-C resin was found to be greater than the 
deformation on the liner impregnated with resin Type-A (see Figure 78 and Figure 79). 
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Type - C 
110°F-260°F 
Figure 78: Profile Plot after Thermal Loading of 110° F - 260° F for Type-C Day 79 
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Figure 79: Profile Plot after Thermal Loading of 110° F - 260° F for Type-A Day 79 
4.3 Conclusion 
Data collected after 330 days of cyclic thermal loading of the full scale specimens 
(three loading-unloading cycles per day for a total of-1,000 cycles) revealed that Type-A 
resin was able to handle the cyclic thermal load the best, accumulating the least residual 
strain and exhibiting the lowest peak stress for the three temperature ranges, as shown in 
Figure 80. 
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Resultant Thermal Stress, psi 
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Figure 80: Stress (psi) Due to Thermal Loading on Day 341 on Type-A Resin 
As for the Type-C resin (see Figure 81), after 11 months of cyclic testing between 
110° F to 260° F, one of the two specimens containing Type-C resin experienced a 
buckling failure due the cumulative plastic strains in the hoop direction, without the 
presence of external pressure. It should be noted the -1,000 cycles of 110° F to 260° F, 
which brought about these high plastic strains and buckling failure, represent an extreme 
loading condition which is significantly more severe than these anticipated in the 
application under consideration. 
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A 3-D finite element (FE) model of a CIPP lined brick sewer pipe, which is 
partially filled with water and contains steam in the head space, was developed. The 
model was subjected to an extensive validation effort, comparing its predictions with close 
form analytical solutions and experimentally measured data. 
5.2 Elements Used 
The following elements were used in the finite element analysis performed using 
ANSYS: 
• SOLID69 thermal element representing the two materials (steel host pipe 
and CIPP liner) and an equivalent structural element SOLID45, used in 
"solid block analysis". 
• CONTA174 and TARGE 170 elements for both heat and stress transfer 
between the host pipe and liner. 
SOLID69 has three-dimensional thermal conduction capability as well as electrical 
conduction capability (in this analysis, the later was turned off using the built-in key-
options facilities in ANSYS). The element has eight nodes with two degrees of freedom, 
one of which is temperature at each node. This solid element is suitable for a three-
dimensional, steady-state or transient thermal analysis. The SOLID69 element (see Figure 
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82) does not have any real constants and requires an iterative solution to include the Joule 
heating effect in the thermal solution. 
Figure 82: SOLID69 Element (Left) (Modified after ANSYS 11.0 Manual) 
For structural analysis, the thermal solid element SOLID69 was converted to an 
equivalent structural element SOLID45. At this stage of the modeling, the given inputs 
were structural properties (e.g., modulus of elasticity, Poisson's ratio, and density). 
CONTA174 was used to represent contact and sliding between 3-D target surfaces 
(TARGE 170) and a deformable surface, defined by this element (see Figure 83). In 
addition to temperature, this element has three degrees of freedom at each node 
(translations in the nodal x, y, and z directions). This element is located on the surfaces of 
3-D solid element and has the same geometric characteristics as the element face with 
which it is connected. Contact occurs when the element surface penetrates in one of the 
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target segment elements (TARGE170) on a specified target surface. Coulomb and shear 
stress friction is allowed on this element. 
Associated Target Surfaces 
Figure 83: CONTA174 Element (Right) (Modified after ANSYS 11.0 Manual) 
The thermal analysis was performed first. Next, the thermal element was replaced 
with a structural element and a structural analysis was performed. 
5.3 Sample Simulation with Solid Block 
To get a better understanding and validate the results of the FE simulation, a small 
block model 30 in. long, 4 in. wide and 6 in. high was developed using the thermal, 
structural and contact elements listed in the previous section. 
First, two blocks with a common surface were drawn in ANSYS. While the cross-
sectional areas of the blocks were kept the same, the length of one block was twice the 
length of the other block. The smaller block was assigned the properties of steel while the 
136 
longer block was assigned the properties of aluminum (see Figure 84). Material properties 
(i.e., thermal and structural) of used materials are listed in Table 22. 
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Figure 84: FE Simulation of a Block Model - Before Modeling 




































Next, contact elements were used on the common surface of the two blocks (i.e. 
two elements). Temperature load of 270° F and 0° F was applied at both ends. The surface 
to which 270° F was applied was restrained in all direction. The other surface was free. To 
compare ANSYS results with an analytical solution, the Poisson's ratio of both materials 
was assigned a value of zero to exclude lateral expansion due to temperature. All the side 
surfaces were restrained with a roller support which allowed movement in one direction 
















Figure 85: Restrained Condition of the Test Model 
The behavior predicted by ANSYS (see Figure 86 and Figure 87) was found very 
close to the values given by the analytical solution. The final results are shown in Table 
23. 
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Figure 86: FE Analysis - Temperature Distribution 
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Figure 87: FE Analysis - Displacement 
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The temperature gradient across the entire element and at the interface between the 
two blocks as predicted by ANSYS is given in Figure 88 and Figure 89. In Figure 89, the 
zoom view of temperature gradient (circled in Figure 88) is shown. Detail analytical 
calculation is given in Appendix D. 
amrs to, 
HAY z~i 2 0 1 
Figure 88: Thermal Gradient for the Complete Length 
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Figure 89: Thermal Gradient at the Vicinity of the Contact Surface 
5.4 Steel Host Pipe and Liner - Uniform Thermal Load 
The SOLID69 element was used to model the steel host pipe and liner. Contact 
elements (CONTA174 and TARGE 170) were used at the interface of the steel pipe and 
the liner. The material and thermal properties are given in Table 24 and Table 25 
respectively. Tests were performed on sample specimens to measure these values and later 
compared to values available in literatures. 






















































For both the host-pipe and the CIPP liner, stress-strain curves (see Figure 90 and 
Figure 91) were provided as input data. For the first set of simulation, the thermal loading 
environment inside the oven was considered where both the host-pipe and the liner were 
subjected to similar elevated temperature. For the second set of simulations, the thermal 
load at the crown was assumed to be greater than that at the invert to simulate the 
difference in relative strain at the locations of different temperature. In the third set, 
simulations on a model with different temperatures at different locations were performed. 
For the second and third sets, the host pipe was assumed to be made of bricks. 
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Figure 90: Stress - Strain Curve for Steel used in the FE Analysis 
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Figure 91: Stress — Strain Curve for Resins used in the FE Analysis 
Total number of nodes generated in the model was 3648. Thus, results were 
presented for selected nodes at the crown, spring-line and invert zones. The locations of 
some of these nodes are shown in Figure 92 and listed in Table 26 (node numbering 
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depends on meshing do not follow a pattern). Change in the stress and strain at the pre-
selected nodes due to thermal loading is listed in Table 27 and Table 28. 
W&$QJM 
Figure 92: Location of Nodes on Spring Line 
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From Table 27 and Table 28, it was found that, as expected, stress increased with 
an increase of temperature for a single cycle. Long-term performance of the liners under 
repeated cyclic thermal loads could not be performed at this time as limited data was 
available about the creep behavior of the resin material. 
Summary of the stresses and corresponding strains are shown in Figure 93 and 
Figure 94, where it was found that Type-C resin reached its yield point at around 
temperature 180° F and Type-A reached the same at close to 200° F. Even then Type-A 
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resin was below the buckling stress of 2,500 psi. The slope of the strain Vs temperature 
curve for Type-C resm was higher than Type-A resin. This indicated that at the same 
temperature Type-C experienced greater deformation. Contour plots of Von-Mises stress 
at 190° F at both resins are shown in Figure 95 and Figure 96. 





Figure 93: Change in Stress of Type-A and Type-C Resins Due to Thermal Loading 
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Figure 94: Change in Strains of Type-A and Type-C Resins Due to Thermal 
Loading 
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Figure 95: Contour Plot of Von-Mises Stress - Type-A Resin 
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Figure 96: Contour Plot of Von-Mises Stress - Type-C Resin 
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5.5 Comparison between Actual and Numerical Simulation 
In order to validate the model, physical tests were performed on three specimens 
for each temperature (i.e. 90° F, 110° F, 150° F, 190° F, 210° F, 230° F, and 260° F). Strain 
gauges were installed on each specimen and placed in an oven for 24 hrs. The thermal 
strain was monitored using the HP3497A DAQ system. 
Data obtained from physical tests and numerical simulation is summarized in 
Table 29 and compared in Figure 97 and Figure 98. The predicted results for both Type-A 
and Type-C were found to follow closely the experimentally measured values. 
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Figure 98: Thermal Stress on Resin Type-C Sample 
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5.6 Steel Host Pipe and Liner - Non-uniform Thermal Load 
Following the validation of the model, a more realistic loading condition was 
utilized as non-uniform thermal load was applied to the simulated liner. In addition, the 
host pipe was assumed to be made of clay bricks, thus simulating the actual sewer 
structure scheduled for rehabilitation at Times Square. For both models, thermal load at 
the location spring-line to the crown ranged from 90° F to 260° F, at spring-line to invert 
70° F and on the outside at 62° F. Investigation was performed again on the same nodes as 
mentioned in Table 26. Temperature distribution zone and selected nodes are shown in 
Figure 99. A temperature gradient can be noted at the spring-line locations. 
Figure 99: Thermal Gradient And Location Of The Investigated Nodes 
Figure 100 shows the effect of non-uniform temperature on Type-A liner. It was 
found that the liner at the crown approached plastic limit stress before the liner region at 
the invert. As invert temperature was lower, this zone experienced lower thermal stress 
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and strain. Figure 101 presents the thermal strain in Resin Type-A due to change in the 
temperature. It can be seen that higher temperature zones exhibited higher strain. At the 
spring-line, where a thermal gradient existed, the strain at the higher temperatures region 
was more than doubled that of the lower temperature region. The magnitudes of the Von-
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Figure 101: Thermal Strain on Liner Impregnated with Resin Type-A 
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Table 30: Von-Mises Stress (Equivalent Stress) at Selected Nodes in CIPP Liner 



















Von-Mises Stress, psi 

















































































































Von-Mises Strain x 10 3 in/in 




























































































Figure 102 shows the effect of non-uniform temperature on Type-C liner. It can be 
seen that the liner material at the crown approached its plastic limit stress before the liner 
region at the invert. The liner segment at the spring-line zone was also approaching plastic 
limit. As invert temperature was lower, this zone exhibited lower thermal stress and strain. 
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Figure 102: Thermal Stress on Liner Impregnated with Resin Type-C 
Figure 103 presents the thermal strain due to the change in temperature. It is found 
that higher temperature zones faced more strain. At the spring-line, where a thermal 
gradient existed, strains at the higher temperatures region were found to be three times 
greater than those in the lower temperature region. The magnitudes of Von-Mises stress 
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Figure 103: Thermal Strain on Liner Impregnated with Resin Type-C 
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Von-Mises Stress, psi 

















































































































Von-Mises Strain x 10 3 in/in 




























































































5.7 Case Study - Gap between Liner and Host-Pipe 
The finite element simulation (see Figure 104) showed that the liner deformed 
more where annular space existed between the liner and host pipe in comparison to the 
installed liner without any annular space (see Figure 105). As the liner had some annular 
space, the contact element property no-bond and no-friction was used. This condition was 
created no force transfer situation from the liner to the host pipe. In this simulation the 
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temperature of the upper region was 212° F, the lower region and the outer peripheral 
surfaces were 160° F and 60° F respectively and the resin Type-A was simulated. 
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Figure 105: Change in Deformation Magnitude and Condition w/o Annular Space 
Figure 106 shows the maximum deformation values with and without annular 
space for both resins at 212° F. It was found that the liner deflected around 2.5 to 5.0 
times more where there was an annular space between the liner and host pipe compared to 
where there was no annular space. Therefore, the liner was shown more vulnerable to 
deflect under the same temperature condition. 
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Deformation 
B Annular space • No Annular Space 
Resin: Type-A Resin: Type-C 
Figure 106: Maximum Deformation of the Resin at 212° F 
5.8 Parametric Study - Liner Thickness 
A parametric study was performed on the thickness of the liner and the Von-Mises 
stress value was compared to the long-term flexural strength of the liner. The temperature 
at the crown was kept at 200° F and that of the invert was 70° F. Peripheral temperature 
was assumed to be 62° F. In this case, the host pipe was assumed to be clay brick. The 
parametric study was performed for both Type-A and Type-C resin. 
The simulation was performed on a 36 in. circular brick pipe. The pipe runs from 
W. 45th Street to 7th Avenue West (from M #68 to M #15) and is subjected to steam 
discharge. Structural and thermal properties of brick host pipe were obtained from 
literatures and are listed in Table 34 and Table 35. 
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Table 34: Material Properties of Brick Host Pipe 
Material 
Brick 



























/in.sec. ° F 
0.031 
The Von-Mises stress values for the nodes listed in Table 26 are shown and 
compared with these in Table 36 and Table 37. It was observed that stresses on the crown 
for Type-C liner reached or exceeded the flexural strength limit in the case of the thinner 
liner. Views from FE analysis are shown in Figure 107 and Figure 108. 
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Table 36: Change in Von-Mises Stress Caused by Temperature for Different Liner 


















Von-Mises Stress, psi 
Temperature at Crown 200° F, Invert 70° F and 
Outside 62° F 
Pipe ID: 36 in., Segment Length: 5 ft. 








































Table 37: Change in Von-Mises Stress Caused by Temperature for Different Liner 


















Von-Mises Stress, psi 
Temperature at Crown 200° F, Invert 70° F and 
Outside 62° F 
Pipe ID: 36 in., Segment Length: 5 ft. 
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Figure 107: Temperature Distribution on the Liner 
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Figure 108: Von-Mises Stress Distribution on the Liner 
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5.9 Numerical Simulation - Projected Condition 
In the projected condition, it was assumed that when the steam was injected into 
the sewer, the neighboring areas would experience an increase in temperature. Therefore, 
an uneven temperature distribution resulting in uneven stress and deformation was 
expected. An FE simulation was performed for three segments of brick pipes as shown in 
Figure 109. 
AIISYS 10 0 
HA1 3 1 2 0 1 1 
Figure 109: Temperature Distribution on the Three Segment Brick Pipe 
Figure 110 shows the selected node path in the FE simulation. The node path 
covered from high temperature (200° F) to low temperature (80° F) regions along the 
crown through the entire length (100 ft) of the host pipe. Temperature distributions on the 
three segments are given in Table 38 
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Figure 110: Selected Nodes on the Crown of the Three Segment Brick Pipe 
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Figure 111 and Figure 112 show the Von-Mises stress and strain at the crown 
along the length of the pipe. Between the 120° F and 200° F region, stress increased 
around 6% while strain increased around 45%, clearly indicating a plastic behavior. In the 
lower temperature region (between 120° F and 80° F), increments of stress and strain were 
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Figure 111: Von-Mises Stress along the Plotted Path on the Segments of Brick Host 
Pipe 
170 






Res nType: A 






Figure 112: Von-Mises Strain along the Plotted Path on the Segments of Brick Host 
Pipe 
5.10 Conclusion 
The FE analysis revealed that the thermal gradient developed at the spring line of 
the CIPP liner results in strains that were three times greater above the water line than 
below it. The numerical analysis also suggested that liner deformation is 2.5 to 5 times 
greater in locations where an appreciable annular gap exists between the liner and the host 
pipe, compared with locations where such an annular gap was absent. Simulation of one 
of the brick sewers scheduled for replacement (located between W 45£ St. and 7l Ave. 
West) revealed an increase of up to 50% in the stresses in the liner upon the introduction 
of the thermal load as a result of the steam. At this stage, creep data was not used in the 
FE model which resulted in higher stress than the plastic stress. Stresses are the highest at 
the spring line and the crown, and can be as high as 2500 psi. The development of such 
high stresses in the liner, combined with the degradation of the organic resin due to the 
elevated temperature, resulted in the on-set of creep, permanent deformation (due to 
plastic strain) and ultimately failure of the liner under repeated thermal loads. 
CHAPTER 6 
CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK 
6.1 Conclusions 
The research demonstrated that thermal loads can initiate and accelerate creep in 
the liner, leading to plastic strains and permanent deformation. The thermally-induced in-
plain shear strains caused bulging of the liner, ultimately leading to the formation of folds 
and premature failure. 
In this research, three types of resin - polyester, epoxy and vinyl ester resins -
were used at the bench-scale phase. Although the price of polyester resin per linear foot is 
the cheapest and used in most of the CIPP liner project involved with sewer rehabilitation, 
the results of the bench-scale experimental study revealed that polyester resin (Resin 
Type-D) becomes brittle after only 180 temperature cycles and is not suitable for elevated 
temperature application. Therefore, it was not considered for the Phase-II application 
where full-scale experimental study was performed. 
The results of the full scale experimental study revealed that a CIPP liner 
impregnated with the vinyl ester resin (Resin Type-A) performed adequately after being 
subjected to 1,000 thermal load cycles between 90° F and 210° F and the epoxy resin 
(Resin Type-C), although performed better than polyester resin, exhibited premature 
failure under the same condition. 
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Extrapolating the test data collected in the course of this study, a perfectly circular 
CIPP liner impregnated with Resin Type-A might be able to withstand as many as 10,000 
thermal cycles of 90° F to 210° F before experiencing catastrophic failure, although a 
more conservative value should be used for design purposes to account for geometrical 
imperfections and installation defects. 
6.2 Recommendations 
Vinyl ester and epoxy-based resins are typically more expensive than polyester 
resins. For the specific resins used in this study, the added cost for using a vinyl ester resin 
or epoxy based resin is between 25% and 30% in terms of the costs of the neat resin. In 
the case of an 8 in. diameter and 7 mm thick CIPP liner, approximately 2.5 lb of resin is 
used per linear foot, representing an increase of about $3.50/lf in terms of material costs or 
$0.0625/lf/inch diameter/mm thickness of felt. Assuming an average cost of $25 per linear 
foot for an 8 in. CIPP liner (residential setting, low traffic volume), the increase in 
construction costs is around 14%. While this value is likely to vary as a function of 
different variables (pipe diameter, liner thickness, complexity of the construction project, 
project setting, shape of the host structure), a value between 10% and 15%) can be used as 
a preliminary benchmark to estimate the added project cost associated with the 
requirement for the liner to operate in elevated temperature environments. 
6.3 Future Work 
The effect of elevated temperature on resin - liner combination is not considered 
in the current design procedures. Result obtained from this study can be used to 
incorporate the potential effect of thermally induced strains in the design equation (e.g. 
ASTM F1216, a widely accepted design practice for the rehabilitation of buried pipes 
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using resin impregnated tubes). This work will include the effect of elevated temperature 
load on the buckling stress of the liner. The existing undamaged or minimal damaged full 
scale sample can be used for this study. 
Another future work might be to evaluate the resulting stresses from thermally 
induced in-plane shear strains in real sewer pipe and to examine ways in which these 
strains could be accounted for by the current design procedures. 
Heat transfer in CIPP liners installed in sewer pipes subjected to high temperatures 
is generally accomplished by conduction and takes place relatively quickly. However, heat 
transfer into the surrounding soil is a much longer process. Therefore, temperature sensors 
can be installed in the vicinity of a steam trap (see Figure 113) to closely monitor real-
time temperatures. 
o ,+ » f stream T>£p } 
Host Pipe i— —-. * — • *' 
,
 j
 ; T 12".; 
a % 
f 
Temperature Sensor U l , c" 
t 
Figure 113: Proposed Installation of Distributed Thermal Sensors in the Vicinity of 
a Stream Trap 
APPENDIX A 
TENSILE AND BENDING MODULUS ELASTICITY 
OF EACH DURATION SPECIMEN MADE 
OF FOUR RESIN TYPES 
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CAD DRAWING OF THE OVEN FRAMES 
AND POWER SUPPLY CIRCUIT 
DIAGRAM TO THE OVENS 
301 
B.l Front View and Rear View of Custom Built Oven 
Figure A. 114: Oven Front View 
' H Q I P 
f o 1 ' F a n 
Figure A. 115: Oven Rear View 
B.2 Side Views of Custom Built Oven 
Figure A. 116: Left Side View 
• ~ \ ~ 
Figure A. 117: Right Side View 
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Figure A. 118: Front View of Door Frame 
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Figure A. 119: Bottom View of Frame 
305 
B.4 Top View and Side View of Frame of Custom Built Oven 
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Figure A. 120: Top View of Frame 
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Figure A. 121: Side View of Frame 
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Figure A. 122: View of Rear Frame 
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Figure A. 123: View of Front Frame 
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Figure A. 124: View of Middle Frame 
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Figure A. 125: Power Circuit Diagram 
APPENDIX C 
LABEL OF THE STRAIN GAGES AND STRAIN 
ROSETTES FOR EACH OVEN 
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ANALYTICAL CALCULATION OF THE SAMPLE 
SOLID BLOCK 
321 
D.l Temperature Change Calculation at the Interface 
According to Fourier's law, — = KA — &
 at ax 
270°F 
Steel \ . Aluminum 
72°F 
0°F 
Figure A. 126: Temperature Gradient on the Steel and Aluminum Block 
At the interface, temperature is equal at ideal condition (i.e. no contact thermal 
resistance). Therefore, heat transfer rate (dQ/dT) should be constant at any transverse 
section. After calculation the temperature at the interface of two metals was got 71.883° F. 
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D.2 Deflection Calculation due to Temperature 





















in-lbf/snail ° F 
4.33E+05 
7.72E+05 







in-lbf/in sec ° F 
5.37 
29.6 











































Elongation due to thermal effect 0.011453 
325 
D.4 Calculation for Elongation of Aluminum 
End Surface Temperature 












































Total Elongation, in 0.020870 
APPENDIX E 
LONGITUDINAL AND CIRCUMFERENTIAL STRESS 
AT 53, 79,181 AND 241 DAYS 
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Figure A. 127: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 
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Figure A. 128: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 
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Figure A. 129: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
for Resin Type-A (Temperature Range 110° F-260° F) 
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Figure A. 130: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
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Figure A. 131: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
for Resin Type-A (Temperature Range 110° F-260° F) 













/9109 7S6 /4 
662 39 
Long Long Hoop Long 
Spring Linf Gown Crown Invert 
789 S9 
Figure A. 132: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
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Figure A. 133: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
for Resin Type-A (Temperature Range 110° F-260° F) 
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Figure A. 134: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
for Resin Type-C (Temperature Range 110° F-260° F) 
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Figure A. 135: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
Resin Type-A (Temperature Range 90° F-210° F) 
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Figure A. 136: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
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Figure A. 137: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 










Stress at Different Locations 
Day: 53 
Resin:Type-C 





Figure A. 138: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 
for Resin Type-C (Temperature Range 90° F-210° F) 
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Figure A. 139: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
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Figure A. 140: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
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Figure A. 141: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
for Resin Type-A (Temperature Range 90° F-210° F) 
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Figure A. 142: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
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Figure A. 143: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
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Figure A. 144: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
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Figure A. 145: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 
















Figure A. 146: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 
for Resin Type-C (Temperature Range 90° F-210° F) 
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Figure A. 147: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
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Figure A. 148: Longitudinal and Hoop Stress Due to Thermal Loading on Day 1 for 
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Figure A. 149: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 
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Figure A. 150: Longitudinal and Hoop Stress Due to Thermal Loading on Day 53 
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Figure A. 151: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
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Figure A. 152: Longitudinal and Hoop Stress Due to Thermal Loading on Day 79 
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Figure A. 153: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
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Figure A. 154: Longitudinal and Hoop Stress Due to Thermal Loading on Day 181 
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Figure A. 155: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
for Resin Type-A (Temperature Range 100° F-150° F) 
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Figure A. 156: Longitudinal and Hoop Stress Due to Thermal Loading on Day 241 
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Figure A. 157: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 
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Figure A. 158: Longitudinal and Hoop Stress Due to Thermal Loading on Day 341 
for Resin Type-C (Temperature Range 100° F-150° F) 
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